Purpose of Review Glenoid Bone Loss is a commonly encountered problem in anterior shoulder instability. In this article, we review current techniques for diagnosis, indications and management of glenoid bone loss. Recent Findings Multiple bone grafting techniques are available depending on the glenoid defect size including the coracoid, distal clavicle, iliac crest, and allograft distal tibia. Advancement in imaging methods allows for more accurate quantification of bone loss. Indications and techniques are continuing to evolve, and emerging evidence suggests that smaller degrees of bone loss "subcritical" may be best treated with bone grafting. Summary Future directions for innovation and investigation include improved arthroscopic techniques and a refinement of indications for the type of bone grafts and when to indicate a patient of arthroscopic repair versus glenoid bone grafting for smaller degrees of bone loss to ensure successful outcome.
Introduction
Anterior shoulder instability is a commonly diagnosed and treated shoulder disorder [1] . The most common underlying pathology is an injury to the anterior glenoid labrum or Bankart lesion; however, there is often an associated osseous defect in the glenoid and/or humeral head [2] . Following an initial shoulder dislocation, an osseous defect is present in up to 22% of patients, and up to 88% of patients with recurrent instability [3, 4] . Glenoid bone deficiency leads to recurrent glenohumeral instability by altering its function as a static restraint of the shoulder [5] . Historically, research in anterior shoulder instability was focused on the importance of the soft tissue envelope surrounding the glenohumeral joint. Glenoid bone loss is now a recognized cause of recurrent shoulder dislocations or poorer functional outcomes following an arthroscopic or open soft tissue repair for glenohumeral instability [6] [7] [8] [9] . In the past 10-15 years, more attention is being paid to the role of glenoid bone deficiency and its management for patients with recurrent anterior shoulder instability. Advances in imaging, quantification of bone loss and evolution in bone grafting techniques continue to emerge. This article reviews new and established techniques for imaging and calculating glenoid bone loss, as well as evolving indications for intervention and current options available for surgical management.
Diagnosis of Glenoid Bone Loss History and Physical Exam
An accurate and detailed history is helpful for making the diagnosis of glenoid bone deficiency. Acute bone loss in the primary dislocator's initial dislocation event often involves a high energy injury with an axial load placed on the glenoid [7] . Patients with bone loss experience subsequent instability episodes with increasing frequency even with lower energy episodes. A comprehensive shoulder exam should be performed taking note of axillary nerve dysfunction and distal arm paresthesias. Axillary nerve dysfunction can manifest as sensory alterations, deltoid weakness, and atrophy. Following a dislocation event, axillary nerve palsy is present in up to 48% of patients (range 13.5-48%) [10] [11] [12] . However, even complete axillary nerve injuries should receive surgery as reasonable function can be attained in the setting of a permanent injury [13•]. Instability apprehension is apparent with early to midrange abduction and external rotation and worsens with increasing severity of glenoid bone deficiency [14] [15] [16] . Patients who describe instability and apprehension with daily activities coupled with night-time instability will frequently have substantial glenoid and humeral bone loss. Risk factors for recurrent instability such as younger age, athletes (particularly those participating in contact and overhead sports), and generalized ligamentous laxity lower the threshold at which bone loss is tolerated [16] .
Imaging
Standard AP, axillary lateral, and scapular Y radiographs of the shoulder should initially be obtained. In addition, specific projections with the beam angled obliquely to the glenoid face may provide more detail, including the Bernageau profile view (Fig. 1) CT imaging is helpful to understand bone loss; however, standard 2-dimensional (2D) CT imaging of the glenoid can over or underestimate glenoid bone loss if the patient is not accurately oriented in the CT gantry [22•]. Three-dimensional (3D) CT is the current gold standard imaging modality for accurately demonstrating glenoid bone loss [23] . It removes the effect of gantry angles and allows the user to orient the glenohumeral joint with the scapula plane [22•]. It provides the ability to subtract the humeral head from the image of the glenohumeral joint, leaving an en face view of the glenoid surface (Fig. 2) [23-25] . The isolated view of the glenoid surface gives a more precise image to accurately quantify the amount of glenoid bone loss and its location. Similarly, 3D CT allows for accurate quantification of humeral head bone loss with scapular subtraction [26] . While CT is generally considered to be superior to radiography for measuring glenoid bone loss, one study found no statistical difference in measurements taken from the radiographic Bernageau profile view and 3D CT in a small sample of patients with glenoid bone loss [27] . It is unknown if the Bernageau view can accurately distinguish between critical and subcritical bone loss, so 3D CT is still the gold standard for evaluating glenoid bone loss.
MRI is the gold standard imaging modality for assessing soft tissue shoulder pathology with the addition of contrast arthrography for further soft tissue assessment [28] . As a result, MRIs are frequently obtained for patients with shoulder instability; however, similar to 2D CT scans, quantification of glenoid bone loss can potentially be misleading. A recent cadaveric study comparing bone loss measurements revealed that 3D CT is more accurate than 2D CT, 2D MRI, and plain radiography for quantifying glenoid bone loss [25] . Recently, interest has developed in the use of three-dimensional magnetic resonance imaging (3D-MRI) for the assessment of glenoid bone loss as a potential alternative to 3D CT [28, 29•, 30•]. Gyftopoulos et al. performed a clinical study to evaluate the accuracy of 3D-MRI for measuring glenoid bone 
Quantification of Glenoid Bone Loss
It is clear that 3D imaging is required to more accurately quantify bone loss, but the optimal method for doing so has not been identified [21•, 31]. There are multiple described methods for quantifying glenoid bone deficiency; however, there is no universally accepted method for measuring defects. The most accurate methods utilize a CT-generated en face view of the glenoid to make either linear or surface area measurements of the inferior glenoid. Commonly used linear and ratio measurements include the Glenoid Index method (Fig. 4a) and Gerber x-ratio, while the most common surface area measurement studied is the Pico method (Fig. 4b) The glenoid track concept was developed to account for the dynamic relationship of glenoid and humeral bone defects in shoulder instability [36] . It is recognized that both humeral bone loss and glenoid bone loss must be accounted for when assessing shoulder instability, as increasing size of the HillSachs lesion is an independent risk factor for recurrent instability and potentiates the severity of glenoid bone loss [16] . Di Giacomo et al. further defined calculation based on the degree of humeral and glenoid bone loss to determine whether the interaction is "on-track" or "off-track" [37•]. Independent 3D CT of the humeral head and scapula are required to perform the measurements and calculations if the width of the HillSachs lesions matches that of the glenoid lesion then the Hill-Sachs glenoid loss combined lesion is considered "offtrack" and warrants consideration for bony augmentation of the glenoid ( 
Management Non-operative
Non-surgical management for recurrent anterior shoulder instability in the setting of glenoid bone loss is not a recommended treatment option for young, active patients, as recurrent instability will result in further damage to the soft tissue or cartilage within the glenohumeral joint that may end up progressing to symptomatic glenohumeral arthritis. Treatment is limited to physiotherapy and is based on the important role that the periscapular and rotator cuff musculature plays in dynamic shoulder stabilization. This principle is used to create a protocol focused on strengthening these muscle groups. However, non-surgical management is limited to lower demand older patients with minor glenoid deficiencies [5] .
Operative
There are several strategies for the surgical management of glenoid bone loss, including the Latarjet or coracoid transfer as well as other osseous and osteoarticular autografts and allografts ( . All of the currently described techniques share the same goal: to restore the osseous defect in a manner that most closely resembles the native glenoid. Traditionally, bone loss of greater than 20-25% is considered a contraindication for soft tissue repairs alone due to the poor biomechanical environment and high clinical failure [7, 42] .
Recent research has identified the concept of "subcritical" bone loss, in which a lower percentage of bone loss after arthroscopic Bankart repair does not necessarily result in a recurrence of dislocation events, but results in poorer patient reported clinical outcomes (WOSI scores) when comparing a soft tissue repair to those patients treated with bone augmentation [38•, 43•]. Shin et al. identified 17.3% glenoid bone loss as the critical value that leads to recurrent instability following arthroscopic Bankart repair. In their study, 43% of patients with greater than 17.3% bone loss had surgical failure, which was defined as need for revision surgery or subjective feelings of instability, compared to 3.7% of patients with less than 17.3% glenoid bone loss [44•]. This research suggests that, particularly for higher demand individuals, such as contact athletes, bone augmentation may result in better outcomes and lower failure rates for patients with this subcritical bone loss between 13.5 and 17.3%.
Some authors suggest that shoulder instability should be treated with a primary Latarjet procedure independent of glenoid bone loss [45•, 46•]. Conversely, however, DiGiacomo et al. showed a coracoid graft resorption of 39.6% at 1 year follow-up in patients with less than 15% glenoid bone loss [47•] , which suggests that an unloaded formula, the sum of the width of the HS lesion and the width of the bone bridge between the rotator cuff attachments and the lateral aspect of the HS lesion. If HSI > GT, the HS is off-track or engaging. If HSI < GT, the HS is on track, or non-engaging graft will ultimately resorb according to Wolff's law. The high rate of graft osteolysis may be a risk factor for recurrent instability and subsequent development of early glenohumeral arthritis [48] .
Latarjet
The Latarjet procedure was originally described by Michael Latarjet in 1954 and later modified to the Latarjet-Bristow procedure by Arthur Helfet in 1958 [49, 50] . There are multiple described variations of the procedure, but the general technique involves transecting the coracoid at its base and transferring the graft intra-articular to the glenoid neck ( Fig. 7) with one or two screw fixation. The pectoralis minor is detached from the coracoid, and a portion of the coracoacromial ligament is maintained for capsular repair.
There are currently two commonly used techniques for a coracoid transfer: traditional Latarjet and congruent arc. The traditional Latarjet involves fixation of the inferior surface of the coracoid to the anterior surface of the glenoid [51•] . This technique provides a large surface area for fixation and bone healing, but leaves less anterior to posterior distance to fill the glenoid defect and restore glenoid width [51•] . The congruent arc technique involves fixation of the medial aspect of the coracoid to the glenoid and is accomplished by rotating the coracoid 90°. This creates a congruent surface between the inferior surface of the coracoid and the articular surface of the glenoid [52] . The congruent arc technique provides more anterior to posterior distance to restore glenoid width and can be used to fill larger glenoid defects [51•] . Furthermore, it more closely matches the radius of curvature of the native glenoid [39•]. However, this comes at the cost of less surface area for fixation between the glenoid and coracoid [51•, 53] .
The Latarjet procedure remains the gold standard technique for addressing anterior glenoid bone loss, and its success is evidenced by its low long-term failure rate [54] [55] [56] . Several studies show excellent outcomes for both traditional and congruent arc techniques; however, there have been no clinical studies comparing the two methods [52, 54, 57•] .
Cowling et al. recently published a systematic review of the described techniques and outcomes of the Latarjet procedure [58•]. In the review, the authors discuss variations for the coracoid osteotomy site, subscapularis approach, fixation site of the coracoid, orientation of the coracoid graft, and fixation method. There were several described methods for determining the osteotomy site, including 1-2 cm of coracoid length, junction between the horizontal and vertical parts of the coracoid, junction between the superior two-thirds and inferior one-third, immediately distal to the pectoralis minor or just anterior to the coracoclavicular ligaments, but rate of recurrent dislocation and nonunion did not differ. The subscapularis approach was mainly performed through a horizontal split in line with muscle fibers or a vertical tenotomy. Five of the seven studies performing a vertical tenotomy split only two-thirds of the tendon and reflected the upper half into an L-shape. Although a statistical analysis was not performed, the subscapularis split seems to preserve postoperative external rotation compared with a vertical tenotomy. The coracoid graft was most commonly placed flush with glenoid rim and less commonly placed medial to the glenoid rim. Unfortunately, a comparative analysis of recurrent dislocations based on fixation site could not be accurately completed due to biased study results. Only a few studies reported on graft position and orientation, making analysis difficult.
Iliac crest
Iliac crest autograft is usually reserved for patients with significant glenoid bone loss greater than 25 to 30%. Warner et al. described the technique in a case series of 11 patients in which a tri cortical iliac crest autograft is used to reconstruct large glenoid defects in patients with recurrent anterior shoulder instability. The authors use the inner table of the iliac due to its ability to closely match the concave articular surface of the glenoid. At a mean followup of 33 months, there were no episodes of recurrent instability, and at 4-6 months after surgery, there was no evidence of graft osteolysis [41]. Auffarth et al. described a variation of this procedure in which an autologous bicortical iliac crest graft is fashioned into a J-shape and secured to the glenoid in a press fit method with the keel of the graft impacted into a preformed crevice medial to the glenoid rim. In their series of 46 patients, there were no episodes of recurrent instability at a mean follow-up of 7.5 years [59] . The lack of hardware in the J-bone technique offers a theoretical benefit by eliminating the risk of prominent hardware and the need for additional surgery in the event of graft resorption.
Distal Tibia Allograft
The use of a fresh osteochondral distal tibia allograft (DTA) is a relatively new approach for the reconstruction of anterior glenoid bone deficiency (Fig. 8) . Provencher et al. originally described the technique in a small case series in which the lateral aspect of the distal tibia was used to reconstruct the glenoid in patients with greater than 30% glenoid bone loss [60] . The lateral aspect of the distal tibia is used, because its curvature is similar to the curvature of the native glenoid, thus providing a more anatomical reconstruction. Further, the graft contains a cartilaginous service with a radius of curvature that is highly congruent with the area of glenoid bone loss. The DTA can accommodate large glenoid defects that are unable to be reconstructed using the Latarjet technique. A recent case series of 27 patients who underwent reconstruction with a DTA for recurrent anterior shoulder instability in the setting of greater than 15% glenoid bone loss found significantly improved clinical outcome scores and no episodes of recurrent instability at an average follow-up of 45 months. There was an average allograft healing rate of 89% and average allograft osteolysis of 3% seen on CT scans 1.4 years post operatively. This early data is promising, although more studies and long-term data are needed.
Distal Clavicle Autograft
The distal clavicle osteochondral autograft is a new arthroscopic technique for addressing glenohumeral instability secondary to glenoid bone loss. The technique was originally described by Tokish et al., and it is performed by harvesting the distal 6 to 8 mm of clavicle and securing it to the glenoid with suture anchors or a 3.75-mm cannulated screw [61•] . The graft provides an articular surface that is congruent with the glenoid, and it has a large surface area for fixation and bony union [61•] . In a biomechanical study evaluating glenohumeral contact area and pressures, an articular-sided distal clavicle bone graft and a coracoid bone graft were comparable when used for restoration of an anterior glenoid bone defect [ 
Future Directions
Determining the optimal treatment for so-called "subcritical" bone loss (13.5% or more) remains an unanswered question as balancing recurrent instability risk with graft osteolysis is important. Additional research to identify the optimal technique for graft fixation is necessary as multiple screw types and materials exist. It is unknown if osteolyisis is related to graft fixation strength.
Growing interest and research in the management of glenoid bone loss has led to the development of new surgical techniques and graft options. The arthroscopic Latarjet procedure was first reported in the literature 10 years ago [63] . Athwal 
Conclusions
Glenoid bone loss is well established in the literature as an important cause of recurrent anterior shoulder instability. Advanced imaging technology has led to improved methods for diagnosing and accurately quantifying glenoid bone loss for surgical planning. Surgical management has evolved from the historical Latarjet procedure to new techniques and graft options that may better anatomically match the native glenoid and reduce the risk of recurrent instability and early glenohumeral arthritis. While the Latarjet procedure remains the gold standard, a growing body of literature provides good evidence for the use of new techniques. In the subset of patients with failed Latarjet or large amount of bone loss, either the classic iliac crest bone grafting or distal tibia allograft can be used as reconstruction options. Despite the significant graft resorption rates seen with the Latarjet procedure and bone grafting, functional outcome and recurrence rate is good to excellent in majority of patients after glenoid bone grafting. Continued research is required to identify a universally accepted method for quantifying glenoid bone loss, and to identify surgical techniques and grafts that best reconstruct the glenoid rim. Imaging methods for quantifying glenoid and Hill-Sachs bone loss in traumatic instability of the shoulder: a scoping review. BMC Musculoskelet Disord. 2015;16:164. https://doi.org/10.1186/ s12891-015-0607-1. This systematic review identified and analyzed imaging methods for quantifying glenohumeral bone loss. Forty-one studies were included in the review and 32 of the studies evaluated glenoid bone loss. The review found that radiography is a useful screening tool for patients with significant bone loss, but it is not useful for quantifying bone loss. The Pico Method and Glenoid Index Method applied to three dimensional CT scans were the most accurate and reliable methods for quantifying glenoid bone loss. 22.
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